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A laboratory-based transmission X-ray diffraction technique was developed to
measure elastic lattice strains parallel to the loading direction during in situ
tensile deformation. High-quality transmission X-ray diffraction data were
acquired in a time frame suitable for in situ loading experiments by application
of a polycapillary X-ray optic with a conventional laboratory Cu X-ray source.
Based on the measurement of two standard reference materials [lanthanum
hexaboride (NIST SRM 660b) and silicon (NIST SRM 640c)], precise
instrumental alignment and calibration of the transmission diffraction geometry
were realized. These results were also conﬁrmed by the equivalent data acquired
using the standard Bragg–Brentano measurement geometry. An empirical
Caglioti function was employed to describe the instrumental broadening, while
an axis of rotation correction was used to measure and correct the specimen
displacement from the centre of the goniometer axis. For precise Bragg peak
position and hkil intensity information, a line proﬁle ﬁtting methodology was
implemented, with Pawley reﬁnement used to measure the sample reference
lattice spacings (do(hkil)). It is shown that the relatively large X-ray probe size
available (7  7 mm) provides a relatively straightforward approach for
improving the grain statistics for the study of metal alloys, where grain sizes in
excess of 1 mm can become problematic for synchrotron-based measurements.
This new laboratory-based capability was applied to study the lattice strain
evolution during the elastic–plastic transition in extruded and rolled magnesium
alloys. A strain resolution of 2 104 at relatively low 2 angles (20–65 2) was
achieved for the in situ tensile deformation studies. In situ measurement of the
elastic lattice strain accommodation with applied stress in the magnesium alloys
indicated the activation of dislocation slip and twin deformation mechanisms.
Furthermore, measurement of the relative change in the intensity of 0002 and
1013 was used to quantify {1012}h1011i tensile twin onset and growth with
applied load.
1. Introduction
Magnesium alloys are widely used in transport applications
because of their superior strength-to-weight ratio. Owing to
the hexagonal symmetry observed in magnesium light-metal
alloys, a characteristic plastic anisotropy presents a number of
challenges to the industrial application of this material
(Agnew et al., 2001; Styczynski et al., 2004; Mordike & Ebert,
2001). Research into this phenomenon has exploited large-
scale scientiﬁc facilities including neutron and synchrotron
radiation sources. In these instances, a transmission geometry
is preferred to study the strain response parallel to the loading
direction. In situ neutron diffraction, in particular, has shed
important light on the problem. In situ evolution of elastic
lattice strains revealed the sequential activation of dislocation
slip and f1012gh1011i twinning events in magnesium alloys
(Agnew et al., 2006; Muransky et al., 2008). Moreover, the
evolution of elastic lattice strain with imposed load has been
widely applied for the development and validation of crystal
plasticity models (Agnew et al., 2003, 2006; Clausen et al., 2008;
Mura´nsky et al., 2008).
For the measurement of elastic lattice strain we observe
from Bragg’s law, deﬁned as  = 2dsin, where  is the
radiation wavelength, d is the lattice spacing and  is the Bragg
angle, that upon differentiation, the strain "ðhkilÞ at constant
wavelength exhibits a  dependence given by
"ðhkilÞ ¼
d hkilð Þ
doðhkilÞ
¼  cot ðhkilÞðhkilÞ: ð1Þ
Here dðhkilÞ is the change in the lattice spacing from a strain-
free reference lattice spacing, doðhkilÞ, and ðhkilÞ is the
corresponding change in Bragg peak position. The observed
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cot dependence implies that the maximum strain sensitivity is
achieved at high 2 angles. Exploiting this angular sensitivity
in the laboratory setting ensures that elastic lattice strain
measurement is typically undertaken at high 2 Bragg angles,
in accordance with the so-called sin2 methodology, where  
is the specimen tilt angle from the scattering vector of the hkil
reﬂection. However, adoption of the sin2 approach for in situ
tensile loading experiments has a number of drawbacks for
measurement of strain evolution in metal alloy systems, in
particular light-metal hexagonal close-packed (h.c.p.) alloys.
Firstly, the reﬂection geometry ensures that only Poisson-type
strain would be probed. Secondly, measurement of a single
peak would limit the information that could be gained on
dislocation slip and deformation twinning.
The most beneﬁcial in situ loading geometry, exploited with
neutron and high-energy synchrotron studies, has been based
on data collection using a transmission conﬁguration. In this
geometry, the evolution of normal lattice strains is measured
by employing both monochromatic and polychromatic radia-
tion. In the former, a single detector is scanned in the 2 range
of interest with simultaneous movement of the sample in a 2:1
ratio (Clausen & Lorentzen, 1997). In the latter, the sample is
held ﬁxed with respect to the incident beam and the diffrac-
tion data are recorded by exploiting a neutron time-of-ﬂight
technique (Clausen, 1997) or by using a high-energy poly-
chromatic synchrotron X-ray source coupled with an energy
dispersive detector (Garce´s et al., 2012). An alternative
experimental geometry has also been based on the application
of large-area two-dimensional X-ray detectors. In this
instance, a sin2’ lattice strain measurement is achieved by
recording the change in d spacing with azimuthal angle, ’,
around the diffraction ring captured by the two-dimensional
detector. An adaptation of this methodology has been used for
in situ tensile studies of gold (Bo¨hm et al., 2004; Faurie et al.,
2005) and tungsten (Badawi et al., 2002) thin ﬁlms using a
synchrotron source. However, because of the relatively small
probe size available, to achieve adequate statistics grain sizes
on the nanometre length scale are necessary. These statistics
can be improved somewhat upon application of high-energy
synchrotron X-rays and by increasing the sample thickness.
For example, Wanner & Dunand (2000) used 65 keV X-rays to
study the load transfer in 1.5 mm-thick molybdenum-particle-
reinforced copper-matrix composites during tensile loading.
On the laboratory level, good grain statistics can be achieved
in a relatively straightforward manner by application of the
large probe size available with a long ﬁne-focus X-ray tube
source.
A prerequisite for transmission-based measurements is a
parallel or semi-parallel incident beam of X-rays. This is
generally achieved by application of a high-efﬁciency incident
beam X-ray mirror (Shanak et al., 2009; Fewster & Trout,
2013) or polycapillary optic (Kumakhov, 1990). On the
laboratory level, literature on the application of transmission-
based experiments, in particular dynamic experiments, is
somewhat limited owing to the reduced incident beam inten-
sity and penetration capabilities of the sealed-tube X-ray
source. These are mainly limited to the study of different
polymers for the examination of the molecular orientations
and the change in the crystal orientation during drawing
(Heuvel et al., 1976; Lafrance & Prud’homme, 1994; Shanak et
al., 2009, 2014). For these polymer-based studies the X-ray
transmission geometry was not problematic because of the
nature of the sample: the sample/capillary thickness was in
general limited to less than 1 mm to minimize the geometrical
broadening and to reduce the absorption of X-rays (Klug &
Alexander, 1974). Most recently, Fewster & Trout (2013)
reported on a new compact transmission X-ray diffraction
(XRD) setup using an X-ray mirror for microstructure and
phase identiﬁcation for powder samples. The X-ray poly-
capillary optic can also be used for transmission studies owing
to the limited beam divergence and high incident X-ray
intensity. Furthermore, the polycapillary optic also provides a
relatively large beam cross section (effective beam cross
section of 7  7 mm) (PANalytical, Almelo, Netherlands). In
the present context, the large probe size greatly improves
grain statistics. To our knowledge there are no studies in the
literature to date employing laboratory X-rays in conjunction
with an X-ray polycapillary optic for in situ measurement of
the mechanical deformation behaviour of metals. The main
focus of the current research is to develop an experimental
methodology to perform an in situ transmission diffraction
experiment with improved grain statistics for measurement of
normal lattice strains on the laboratory scale, complimentary
to measurements traditionally performed at synchrotron
(Raghunathan et al., 2007; Garce´s et al., 2012) and neutron
facilities (Clausen, 1997; Cho et al., 2002; Agnew et al., 2003,
2006; Muransky et al., 2008, 2010).
The paper is organized as follows. Firstly, a systematic
development of the transmission X-ray diffraction technique
to perform in situ tensile loading experiments using conven-
tional laboratory X-rays is presented. This is followed by a
description of the calibration of the transmission diffraction
geometry and the optimization of proﬁle ﬁtting procedures to
obtain accurate lattice strains during in situ tensile loading.
The proﬁle ﬁtting procedures were then applied to evaluate
the elastic lattice strain evolution and hkil peak intensity
changes during in situ tension along the extrusion direction of
a magnesium alloy. The elastic lattice strain data are validated
by comparing directly the lattice strains obtained by similar
experiments (Mura´nsky et al., 2008) performed using neutron
diffraction. Studies are then presented to investigate the
deformation slip and twin mechanisms during in situ tensile
loading along the radial direction of an extruded magnesium
alloy and the normal direction of a rolled magnesium alloy.
2. Experimental
Fig. 1(a) shows the Panalytical XPert PRO MRD XL X-ray
diffractometer as conﬁgured to perform in situ loading trans-
mission X-ray diffraction measurements. X-ray measurements
were performed using Cu K radiation operating at a voltage
of 50 kVand current of 40 mA. X-rays from a divergent point
source are collimated by using a polycapillary X-ray optic. The
optic provides a semi-parallel beam with a divergence of0.3
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(PANalytical, Almelo, Netherlands). The diffracted beam
optics included a parallel plate collimator, a graphite post-
monochromator and a point detector, as illustrated in Fig. 1(a).
The tensile stage is mounted on a linear translation XYZ
stage ﬁxed to the diffractometer circle, as shown in Fig. 1(b).
The stage shown is a standard commercial 5 kN tensile stage
from Deben instruments (Deben UK Ltd, Suffolk, UK),
originally conﬁgured for data collection using a reﬂection-
based geometry. To measure lattice strain parallel to the
loading direction, the sample gripping system was modiﬁed so
that diffraction experiments could be performed in transmis-
sion. The thickness of the magnesium alloy specimen gauge
was optimized according to the incident beam energy and
observed X-ray counts from the measured diffraction proﬁles.
After careful testing, the ideal sample gauge volume was
found: gauge length of 10 mm, height of 4 mm and thickness of
0.7 mm. As shown in Fig. 1(b), the tensile sample was clamped
on the load cell end, while the other end was held by a self-
aligning pin arrangement. This simpliﬁed mounting system
provides highly reproducible positioning of the sample with
respect to the X-ray beam, which is necessary for strain
resolution and reproducibility. Further discussion of repro-
ducibility measurements is delayed to xx3 and 4. The sample
mounting pin arrangement also ensures that there are no
bending moments acting on the sample. A schematic overview
of the experimental geometry is shown in Fig. 1(c). The
reference system is deﬁned such that the incident and
diffracted beams lie in the XY plane (equatorial plane) of the
instrument.
The tensile stage is controlled by Microtest v6.0 software
from Deben instruments. The sensitivity of the load cell is
5 N and that of the extensometer is 4 mm. For all
measurements a nominal load of 10 N (3–4 MPa for the
nominal sample cross section of 0.7  4 mm) was applied to
the sample prior to loading to remove mechanical instability.
This ensures that a uniaxial tensile load acts on the sample and
that any slope due to the sample gripping system is removed.
All experiments were performed in constant strain mode in
steps of 10 mm extension at a rate of 0.02 mm min1. A
comparison of the strain stage extensometer data with the true
stress–strain data was covered in detail for both the samples
by Kada (2013); good agreement was obtained between the
two independent data sets. At the desired applied force/stress,
the sample was held at constant extension to collect the
diffraction data. Transmission X-ray data were collected in a
2 scanning mode with a step size of 0.02 2. Individual
peaks were measured with variable step times so as to opti-
mize the signal-to-noise ratio in the measured peak proﬁles.
For example, a typical step time for the highest-intensity peak
was 2 s, and for the low-intensity peaks the step time was
increased to 6 s. Depending on the texture of the alloy and the
number of measured reﬂections (typically six), the total scan
time for a single load increment varied from 0.5 to 1 h. It
should be noted that these scan times are similar to the times
required for in situ neutron loading experiments (Gharghouri
et al., 1999). For these extended holding times a slight level of
stress relaxation is observed at the higher applied loading
increments: about 10–15 MPa at stresses above 150 MPa. This
level of relaxation was comparable to the constant-strain-
mode in situ loading measurements performed by Agnew et al.
(2006) and Muransky et al. (2010).
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Figure 1
(a) A conventional laboratory diffractometer conﬁgured for in situ
transmission tensile loading experiments. (b) The in situ loading stage
modiﬁed for transmission XRD data collection. (c) A schematic
illustration of the diffraction geometry in terms of the loading geometry.
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The applied transmission geometry was used to measure the
normal lattice strains and hkil peak intensities during in situ
tensile loading of extruded and rolled magnesium AZ31 alloy.
The alloys were commercially obtained with a grain size of 6
and 20 mm, respectively. The characteristic textures of these
alloys are shown by the 0002 and 1010 pole ﬁgures in
Figs. 2(a)–2(d). In the case of the extruded alloy, the basal
poles are randomly aligned perpendicular to the extrusion
direction (ED; rad denotes radial direction) (Fig. 2a) such that
the (1010) plane normal lies along the extrusion direction, as
shown in Fig. 2(b). In the case of the rolled alloy, the basal
poles are aligned along the normal direction (ND; RD and TD
are the rolling direction and transverse direction, respectively)
(Fig. 2c) and the corresponding 1010 or 1120 poles are
distributed randomly perpendicular to the normal direction
(Fig. 2d). Similar textures were reported in the literature for
extruded and rolled alloy conditions (Gharghouri et al., 1999;
Muransky et al., 2009; Agnew et al., 2003, 2014). However, the
reﬂections observed during the transmission diffraction
experiments varied according to the specimen grain orienta-
tion with respect to the incident X-ray/neutron beam. For
example, in an in situ compression experiment to activate
twinning, the evolution of normal lattice
strains in parents is measured from the
1010 reﬂections, and the 0002 reﬂections
represent the twin orientation due to its
86.3 reorientation. Conversely, in the
present case, where twinning is activated
in tension, the 0002 reﬂections represent
the parent reﬂections and twinning is
observed by the appearance and subse-
quent evolution of the 1010 reﬂection.
For illustration, the proﬁles recorded
during extension (tension along the
normal direction) of the rolled alloy are
shown in Fig. 2(e). In this case, the
tensile samples were machined such that
the scattering vector is along the normal
direction of the rolled alloy. Since the
majority of 0002 poles are along the
normal direction, the 0002 peaks appear
with high intensity. In addition, because
of the spread in the basal poles by 40
about the normal direction, the grains
with basal pole misorientations of 32, 43
and 62 from the tensile direction
contribute to the 1013, 1012 and 1011
reﬂections, respectively. Conversely, the
apparent absence of 1010 and 1120
poles along the normal direction
(Fig. 2d) is seen by the absence of 1010
and 1120 reﬂections. However, as the
sample is loaded past the macroscopic
yield point, the scattering signal from
these two reﬂections increases signiﬁ-
cantly, which is attributed to the onset
and growth of f1012gh1011i tensile
twinning. The occurrence, growth and
shift of these reﬂections with further
increase in extension can be seen in
Fig. 2(e).
3. Instrumental optimization and
calibration
The underlying objective of the instru-
mental optimization and calibration
methodology addressed here is to
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Figure 2
The 0002 and 1010 pole ﬁgures of extruded (a), (b) and rolled (c), (d) Mg alloy, and (e) the observed
transmission XRD proﬁles, showing intensity changes and peak shifts during in situ tensile load
along the normal direction in the rolled Mg alloy.
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achieve a precise measurement of the Bragg peak information
at relatively low 2 angles to quantify the relative change in
the elastic lattice strain and peak integrated intensity during
the onset of dislocation slip and deformation twinning in
magnesium alloys. For this purpose, optimization of the
experimental conﬁguration and sample speciﬁcations were
tested to ensure the best possible counting statistics for the
loading data. Line proﬁle analysis of all X-ray diffraction data
was undertaken using the TOPAS X-ray line proﬁle ﬁtting
software (Coelho et al., 2011). The Caglioti function was
employed to measure the instrumental response, while the
theoretical Bragg peak position shift with sample displace-
ment was employed to align the sample on the axis of rotation.
Prior to instrumental calibration, the sample thickness and
data collection procedures were optimized so that a good
signal-to-noise ratio was achieved for the transmission
experiments. The thickness of the tensile gauge is one of the
major parameters that needed to be considered. The
attenuation length (1/e) of Cu K X-rays for magnesium is
about 140 mm. Although this is ideal from an X-ray trans-
mission perspective, this introduces adverse problems:
potential bending of the gauge length and a severe limitation
of the recorded grain statistics. The basis for selecting the
gauge thickness was to improve the grain statistics and
mechanical stability of the sample by increasing the sample
thickness at the expense of longer, but not unreasonable, data
acquisition times. For a standard laboratory Cu X-ray tube
operating at 50 kV, 40 mA, an X-ray ﬂux in excess of 1 
108 counts s1 is achieved. Therefore, for a 400 mmmagnesium
sample this represents an order of magnitude decrease in the
available X-ray ﬂux. At 700 mm the X-ray ﬂux is still reason-
able at 1  106 counts s1. Since the recorded hkil reﬂections
are an average over the width of the gauge, the ﬂux decrease
still ensures that reasonable scan times can be accommodated.
To provide a quantitative measure of the scan times the ﬁnal
sample thickness was optimized by measuring the intensity of
the 0002 reﬂection as the gauge thickness was varied. For
textured magnesium alloys, a gauge thickness of 0.7 mm
provided a good balance between scattering signal and sample
mechanical strength. For the Mg alloys studied here the total
number of grains probed is approximately 1820 105 and 49
105, respectively, for extruded and rolled alloys. For illustrative
purposes, the measured 0002 reﬂection is displayed in Fig. 3(a).
Although we are achieving a very good signal-to-noise ratio,
the 0.3 beam divergence from the polycapillary optic
increases the instrumental line proﬁle broadening. The extent
of this broadening is illustrated by comparison of the
equivalent data collected in the Bragg–Brentano geometry,
shown in Fig. 3(b). In this instance, the Cu K1 and K2
components are almost completely resolved in the high-reso-
lution setting. Importantly, although the transmission
geometry does add to the instrumental broadening contribu-
tion, this does not have a detrimental effect on the strain
sensitivity. Moreover, the increased instrumental response can
be readily deconvoluted from the measured line proﬁle data,
by measurement of a suitable reference material, if line proﬁle
broadening information is of interest.
Line proﬁle analysis of the raw diffraction data was carried
out to extract the accurate Bragg peak positions ð2bÞ, inte-
grated intensities and peak widths. To assess the instrumental
response, measurements from an appropriate standard refer-
ence material were recorded for the transmission and
conventional Bragg–Brentano geometry. Cross-referencing of
the data from the two independent data sets ensured that the
instrumental alignment and calibration were appropriately
accounted for in the line proﬁle ﬁtting procedure. The line
proﬁle analysis based on the Caglioti function was employed
to measure the instrumental response in transmission
geometry, while the proﬁle ﬁtting based on the fundamental
parameter approach was used to model the instrumental
response function for the Bragg–Brentano geometry. The
modelled instrument parameters were then held ﬁxed for the
line proﬁle analysis of all magnesium data. A pseudo-Voigt
function is included in the reﬁnement of the magnesium XRD
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Figure 3
X-ray line proﬁle analysis of the 0002 reﬂection obtained using (a) transmission and (b) reﬂection geometries.
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data to account for the specimen microstructure. A prere-
quisite for all the line proﬁle analysis procedures is to obtain a
goodness-of-ﬁt value less than 0.5.
For instrumental calibration in transmission mode, LaB6
SRM 660b (Cline et al., 2000) data were acquired over the
range of 20–70 2. The raw LaB6 data were ﬁtted by convo-
luting the X-ray emission proﬁle with an instrumental
component, as determined by the Caglioti function (Caglioti et
al., 1958), given as
FWHM2ins ¼ U tan2  þ V tan  þW: ð2Þ
Here U, V andW are reﬁnement instrumental parameters and
 is the Bragg angle. In an empirical manner, the Caglioti
function is used to account for the instrumental axial diver-
gence and increased divergence from the transmission
geometry. Upon reﬁnement, the determined instrumental
component is introduced into the magnesium line proﬁle
analysis by ﬁxing the reﬁned U, V and W values.
The premise of the instrument alignment process, in parti-
cular for accurate strain resolution, relies on the ability to
reproduce the theoretical Bragg peak positions from a stan-
dard reference material, independent of diffraction geometry.
For the Bragg–Brentano geometry the specimen (height)
offset plays a major contribution in controlling the displace-
ment between a standard reference material’s measured and
theoretical peak positions. In the laboratory setting, this
specimen displacement term is readily modelled within the
line proﬁle ﬁtting framework (Cheary et al., 2004). For the
transmission geometry, an observed shift of the measured
peak positions compared to the theoretical positions is caused
by displacement of the sample from the diffractometer axis of
rotation. Although the axis of the rotation term has been
thoroughly covered for synchrotron experiments (Scarlett et
al., 2011), experimental measurement of peak displacement
introduced by sample offset from the axis of rotation has not
speciﬁcally been addressed using a laboratory instrument.
For the loading-based experiments, the sample alignment
on the axis of rotation was measured by using a tensile test
sample with a hole machined through the central gauge
section, which was ﬁlled with LaB6 powder. Using a –2 scan
geometry with the source aligned in line-focus mode, trans-
mission XRD patterns from the LaB6 reference material were
collected over a 2 range from 20 to 70 2 as the X and Y
stage positions were incrementally translated to determine the
relative displacement of the Bragg peak positions from their
theoretical positions. The tensile sample stage could then be
aligned such that the observed peak positions overlay the
theoretical LaB6 peak positions (2theo). Fig. 4 provides an
illustrative example of the measured relative shift in the LaB6
peaks over the 2 range of interest as the stage is translated in
the y direction in 1 mm increments. As observed, there is a
uniform shift in the peak displacement with stage translation
and a clear 2 dependence. For an ideal diffraction geometry
the theoretical Bragg angle 2theo is related to the measured
angle 2m by (Fewster & Trout, 2013)
2theo ¼ sin1

2R sin m cos m  sin1 x=Rð Þ
  
.n
2R sin mð Þ2þ yþ R2  x2
 1=2h i2 4R sin m
 yþ R2  x2 1=2h i sin m  sin1 x=Rð Þ 
o1=2	
; ð3Þ
where x and y refer to the sample displacement perpendicular
and parallel to the beam, respectively, and R is the diffract-
ometer radius. It should be noted that equation (5) of Fewster
& Trout (2013) has a small typographical error in the omission
of the outer parentheses, which has been corrected here in
equation (3) above. To provide an understanding of the peak
displacement with 2, the theoretical peak shift was applied to
the experimental data. Owing to the –2 measurement
geometry employed for data acquisition, it was necessary to
ﬁrst transform the x–y displacement deﬁned in terms of
equation (3) into the current measurement geometry. Upon
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Figure 4
The relative shift in the peak positions of LaB6 as the stage is translated
along the incident X-ray beam (Y direction) in 1 mm increments. The
experimental peak displacements are compared with the predictions,
overlaid as solid lines.
Figure 5
The reproducibility in the peak positions of LaB6 (2obs) for successive
repositioning of the tensile sample at X = 0 and Y = 0.
electronic reprint
application of a simple transformation matrix, the theoretical
predicted peak displacement results, given by the solid lines in
Fig. 4, can be compared with the experimental shift. It is
encouraging that, even in the non-ideal laboratory setting,
good agreement between the measured and predicted peak
displacement was achieved.
To assess the line proﬁle ﬁtting procedure and instrumental
alignment, the measured peak positions are plotted as a
function of 2theo in Fig. 5. It is clear that all peak positions are
within an uncertainty of approximately 0.005 in 2 about
the standard LaB6 peak positions. To ensure repeatability for
consecutive in situ loading measurements, XRD measure-
ments were performed by successively repositioning the
tensile sample with LaB6 powder in the loading jaws of the
tensile rig. These results are also displayed in Fig. 5. The stage
1 and stage 2 measurements correspond to stage repositioning
with the tensile sample in place, while the stage + sample (1, 2,
3) measurements correspond to repositioning of both the
stage and the tensile sample. It is clear from the ﬁgure that the
deviations for the repeated tests are reproduced
within a maximum uncertainty limit of 0.005 in
2.
4. Determination of strain-free lattice spacings
The measurement of the elastic lattice strain, as
described in equation (1), requires that the strain-
free lattice spacing is determined accurately, and
various strategies have been proposed for doðhkilÞ
determination (see e.g. Withers et al., 2007). The
methodology applied here is based on evaluation of
the Bragg 2 peak positional data of the magnesium
alloy samples prior to loading. For the transmission
geometry, successive measurements revealed that it
was necessary to apply a nominal load of 10 N to
eliminate the mechanical instability in the loading
and jaw assembly. Upon stabilization, diffraction
data were then recorded for up to ten hkil reﬂec-
tions, and from subsequent proﬁle ﬁtting the peak
positional information was used for the reﬁnement
of the strain-free lattice parameters based on a
Pawley reﬁnement. As an example, the lattice
spacings for some of the reﬂections obtained for the
transmission geometry are listed in Table 1 for the
rolled magnesium alloy.
To cross-reference the transmission results, a
second set of measurements were performed, based
on a Bragg–Brentano geometry. In this conventional
powder diffraction geometry, the line proﬁle
analysis utilized the fundamental parameters proﬁle
ﬁtting approach incorporated within TOPAS. For
completeness, data from a second standard refer-
ence material (silicon, NIST SRM 640c) were ﬁrst
acquired to extract the instrumental parameters in
this conﬁguration. Once the instrumental response
were accounted for, as outlined in x3, the starting
condition of the magnesium alloy was investigated
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Table 1
The reﬁned lattice parameters and reference lattice spacings of the
magnesium alloys using Pawley reﬁnement from the reﬂection and
transmission measurements.
Lattice parameters (A˚) Plane d (A˚)
Reﬂection (k) a = 3.19882, c = 5.19447 (1010) 2.77026
(0002) 2.59723
(1011) 2.44437
(1012) 1.89474
(1120) 1.59941
Reﬂection (?) a = 3.19897, c = 5.19480 (1010) 2.7704
(0002) 2.5974
(1011) 2.4445
(1012) 1.8948
(1120) 1.5995
Transmission (k) a = 3.19858, c = 5.19548 (1010) 2.77005
(0002) 2.59774
(1011) 2.44433
(1012) 1.89487
(1120) 1.59929
Figure 6
Repeated measurements of peak positions and lattice strains in the 0002 (a), (c) and
1013 (b), (d) reﬂections during tension along the ND.
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via Pawley reﬁnement for two different sample orientations:
RD–ND and RD–TD. Owing to the strong basal texture, the
0002 reﬂection is absent in the RD–ND sample orientation,
while the 1010 and 1120 reﬂections are absent in the RD–TD
sample orientation. The reﬁned lattice parameters and doðhkilÞ
from the ﬁrst ﬁve hkil reﬂections of each data set are included
in Table 1. The good agreement between the lattice parameter
data sets conﬁrms that the instrumental calibration and
correction procedures employed in both the transmission and
reﬂection geometries were suitable. As observed by the
measured relative change ðdðhkilÞ=doðhkilÞÞ between each of the
data sets, a reproducibility of 2 104 is achieved. Moreover,
the relatively small spread in the data also indicates that there
are negligible residual strains in the alloy, in agreement with
the processing history of the samples prior to testing. Taking
into account Young’s modulus (45 GPa) for the magnesium
alloys, the observed strain sensitivity of 2 104 ensures that
stresses as low as 10 MPa can be clearly resolved with the
laboratory instrumentation and proﬁle ﬁtting methodology.
Finally, to assess the sensitivity of the technique for the
evaluation of elastic lattice strain evolution during in situ
tensile loading, the reproducibility of the peak positions and
the lattice strains are examined for the case of in situ tensile
loading along the ND of the rolled magnesium alloy. The hkil
reﬂections measured in this conﬁguration are equivalent to
those obtained in the RD–TD sample orientation recorded in
the Bragg–Brentano geometry. Fig. 6 shows the peak positions
and derived elastic lattice strains for the 0002 and 1013
reﬂections from two successive data sets. To highlight the
reproducibility of the data, error bars derived from the
uncertainties in the line proﬁle ﬁtting procedure are included
for the elastic lattice strain development with imposed load in
Figs. 6(c) and 6(d). It is clearly seen that the results show good
reproducibility within the uncertainty limits. The clear agree-
ment between the two successive data sets also conﬁrms that
the need for individual repeat instrumentation calibration
tests can be bypassed, once the initial calibration settings have
been determined.
5. Application of the in situ loading technique to
magnesium alloys
As an example, the developed laboratory methodology was
applied to investigate the mechanical anisotropy in extruded
and rolled magnesium alloys during tensile loading. These
alloys exhibit asymmetry in yielding due to f1012gh1011i
deformation twinning, which leads to their poor formability.
Given the texture of extruded alloys (Fig. 2a), the deformation
occurs by slip only during tension along the extrusion direc-
tion, whereas it is dominated by twinning during tensile tests
performed along the radial direction. In rolled alloys, twinning
is the dominant deformation mechanism during tensile tests
performed along the normal direction (Fig. 2b). During in situ
tensile deformation, the evolution of lattice strains along
different hkil grain families is used to investigate the activity
of slip mechanisms (Agnew et al., 2003), whereas the intensity
information is used for twin analysis (Muransky et al., 2009,
2010).
To validate the lattice strain data from the laboratory
technique, the in situ tensile tests were performed along the
extrusion direction of Mg AZ31, and the results are ﬁrst
compared with similar experimental data obtained from in situ
neutron diffraction measurements (Muransky et al., 2008).
Upon comparison of the two data sets, the laboratory results
are then used to examine the slip and twin deformation
mechanisms for loading tests performed along the radial
direction of the extruded Mg AZ31 alloy and along the normal
direction of the rolled AZ31 alloy. As in the case of the in situ
neutron measurements, the measured strain evolution is
relative to the sample’s starting condition, as determined by
the reﬁned unit-cell (doðhkilÞ) parameters given in Table 1. Since
magnesium is an isotropic material, the evolution of the strain-
free lattice upon defect development with plastic loading is
anticipated to be negligibly small.
Fig. 7(a) shows the lattice strain evolution for the in situ
tensile test data along the extrusion direction of the alloy.
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Figure 7
Lattice strain evolution during in situ tensile loading along the extrusion
direction of AZ31 alloy using in situ (a) X-ray and (b) neutron diffraction
techniques (Muransky et al., 2008).
electronic reprint
Owing to the strong basal 0002 ﬁbre texture perpendicular to
the extrusion direction, it was possible to measure normal
lattice strain evolution from the 1010, 1011, 1120, 1122 and
2021 reﬂections. Unlike the time constraints imposed by
neutron and synchrotron facilities, an advantage of the
laboratory-based measurements is the relatively unrestricted
demands on experimental time. This ensured ﬁne loading
increments could be readily applied in each tensile test. It is
reassuring that the ﬁrst loading increments within the elastic
region accurately reproduced the expected Young’s modulus
result for the material, i.e. 45 GPa for magnesium. The ability
to reproduce this result for each sample conﬁrms the relia-
bility of the instrumentation and proﬁle ﬁtting methodology.
For clarity, the errors bars given on the elastic prediction in
Fig. 7(a) are based on an uncertainty of 2  104. Yielding is
identiﬁed when the lattice strain for a given reﬂection deviates
from the elastic line beyond this uncertainty limit. It can be
seen in Fig. 7(a) that the 1122 and 1011 reﬂections yielded at
100 and 125 MPa, respectively. This is identiﬁed by inﬂection
points in the measured lattice strain, leading to reduced strain
accommodation. These are so-called soft grain orientations
(Muransky et al., 2008), yielding because of slip activity in the
corresponding family of grains of similar orientation. Given
the misorientation of basal poles of 58 and 62 in these
grains with respect to the loading direction, it is expected that
the observed yielding is due to activation of basal slip.
Following the yielding due to basal slip, there is an increase in
load carried by the so-called hard grain orientations
(Muransky et al., 2008), identiﬁed in Fig. 7(a) with the
measured increase in strain for the 1010 and 1120 grain
orientations. This identiﬁed strain evolution with applied load
is in good agreement with the results of Muransky et al. (2008),
displayed in Fig. 7(b). To summarize the two data sets, both
experiments were done in tension along the extrusion direc-
tion of MgAZ31 with similar grain sizes. It can be seen that the
ordering of the lattice strain evolution in the reﬂections is the
same in both cases. That is, the soft grain orientations 1122 and
1011 yielded at about 100 and 125 MPa respectively, which was
followed by an increase in lattice strain for the hard oriented
grains 1010 and 1120. From this agreement with the neutron
data, it can be concluded that the equivalent transmission in
situ loading studies can be accurately performed using a
standard laboratory X-ray diffraction system.
Slip activity is also investigated in the twin-dominated strain
paths. In situ tensile studies were carried out along the radial
and normal directions of an extruded and a rolled alloy,
respectively. The associated texture of these samples meant
that lattice strains from the 1010, 0002, 1011, 1012, 1120 and
1013 reﬂections could be measured. Figs. 8(a) and 8(b) show
the in situ lattice strain evolution for the six recorded reﬂec-
tions in the extruded and rolled alloys, respectively. From the
evolution of lattice strain with applied stress it is seen that all
the orientations follow the elastic line initially, according to
Young’s modulus as discussed above. The macroscopic
yielding was identiﬁed by the increase in the FWHM of the
transmission XRD proﬁles with increasing applied load. Upon
instrument deconvolution of the diffraction proﬁles, the full
width at half-maximum varied in the range of 0.1–0.2 2 in the
observed 2 range. An increase in the broadening of about
0.15 2 was observed in the reﬂections above the macroscopic
yielding. Below the macroscopic yielding, the slip was identi-
ﬁed by the deviation in the lattice strain of 1012 and 1013 from
the elastic line at 90 and 100 MPa, respectively, for extruded
alloys, whereas in the case of the rolled alloy the 1012 grains
yield at 30 MPa. The yielding in these soft grain orientations is
attributed to basal slip. The activity of basal slip can be
conﬁrmed from the similar results obtained during in situ
compression using neutron diffraction data (Muransky et al.,
2009). However, because of the physical orientation of the
sample (sample orientation where twinning activates in
compression), the basal slip was observed from yielding in the
1120 reﬂections.
As the soft grain orientations yield, the additional load is
carried by the hard orientations: the measured elastic strain in
1010 and 1120 increases. At an applied stress of 140 MPa,
relaxation was also identiﬁed, due to reduced lattice strain
accommodation in the 1120 grains. Interestingly, the applied
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Figure 8
The evolution of elastic lattice strain during in situ tension along (a) the
radial direction of the extruded Mg alloy and (b) the ND of the rolled Mg
alloy.
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stress for this yielding in the 1120 grain orientations is the
same for both the extruded and rolled alloys and appears to be
independent of grain size and texture. The relaxation in the
lattice strain evolution in 1120 grains is probably due to either
prismatic or pyramidal slip activities or both (Muransky et al.,
2008).
It is well known that f1012gh1011i tensile twinning occurs by
the reorientation of the basal 0002 poles by 86.3 in magne-
sium alloys. The onset of twin nucleation can be seen by the
reduced lattice strain accommodation in the 0002 grain
families at macroscopic yielding of 108 and 57 MPa, respec-
tively, for the extruded (Fig. 8a) and rolled alloys (see inset in
Fig. 8b). Owing to the high fraction of basal poles along the
test direction, this effect is not as clear in the rolled alloy;
however, the activity of twinning can also be seen by the
appearance of the 1010 and 1120 reﬂections at macroscopic
yielding.
The growth of twins or twin volume fraction can be
obtained from the changes in the intensity of the reﬂections
with applied load. When twinning occurs, it is expected that
the intensity of the reﬂections corresponding to the parent
grains will decrease owing to the reorientation of basal poles.
Fig. 9 shows the percentage change in the intensities of the
parent grain reﬂections as a function of applied stress for in
situ tension along the extrusion direction, along the radial
direction of the extruded alloy and along the normal direction
of the rolled alloy. For display purposes, the maximum
uncertainty for each hkil has been included in Fig. 9. During
tension along the extrusion direction there is only a small
intensity change within the uncertainty limits for all measured
reﬂections (Fig. 9a). From the error in the proﬁle ﬁtting, the
peaks with low intensity have an uncertainty of10%, and for
those of high intensity the error is 3–5%. To provide a
measure of the global uncertainty (10%) dotted lines are
included as a guide in Fig. 9(a). Similar errors in the intensity
were reported for neutron diffraction data (Brown et al.,
2005). The maximum uncertainty of 10% conﬁrms that twin-
ning does not occur during this strain path, in agreement with
Muransky et al. (2008). On the other hand, during tension
along the radial direction of the extruded alloy (Fig. 9b) and
along the normal direction of the rolled alloy (Fig. 9c) there is
a signiﬁcant drop in the intensity of the parent grain reﬂec-
tions, signifying growth of the nucleated twins. The percentage
error in the intensity for the respective reﬂections is shown as
error bars in Figs. 9(b) and 9(c). Considering the maximum
uncertainty of 10% as in the case of tension along the extru-
sion direction (Fig. 9a), the dashed lines in Figs. 9(b) and 9(c)
show the 10% drop in measured intensity. This corresponds to
10% twinning in the respective family of grains, as the reor-
ientation is solely due to twinning. During tension along the
radial direction of extruded alloys, a 10% intensity drop for
the 0002 and 1013 parent grains occurs at 117 and 137 MPa,
respectively, whereas for the rolled alloy it is 80 and 101 MPa,
respectively. These values correspond to the stresses required
to produce 10% twinning in the respective parent grain
orientations. By increasing the applied load, the evolution of
twin fraction with applied stress can be studied from the
decrease in the intensity of parent grain reﬂections.
6. Discussion
The instrumentation and methodology that have been devel-
oped here provide a new laboratory-based capability to
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Figure 9
The evolution of intensity during in situ tension along (a) the extrusion
and (b) the radial direction of the extruded alloy, and (c) along the ND of
the rolled Mg alloy.
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measure lattice strain evolution parallel to the loading direc-
tion with high strain sensitivity at relatively low 2 angles. This
experimental geometry is highly advantageous as it provides a
direct measurement of normal lattice strains instead of the
Poisson strains that are typically measured in reﬂection-based
experiments. As a complimentary experimental method for
theoretical (e.g. elasto-plastic self-consistency modelling)
studies, this aspect of the experimental data is of particular
interest for hexagonal close-packed alloy systems. For
example, the transmission data directly enable the measure-
ment of normal stresses in both the parent and the newly
formed twin. This measured lattice strain information is highly
beneﬁcial for the validation and further development of
constitutive-based deformation twinning models.
The technique has been demonstrated for the application of
light-weight magnesium alloys. An optimized thickness of
0.7 mm has been used to obtain a good signal-to-noise ratio in
the transmission XRD peaks using Cu K radiation. Because
of the relatively large probe size in the laboratory (7 7 mm),
a relatively large specimen volume can be assessed even for
thin samples, providing bulk grain statistics. This technique
can be applied fairly easily to materials with higher X-ray
attenuation coefﬁcients such as aluminium alloys. In this
instance, the slightly higher attenuation coefﬁcient would only
require a slight decrease in sample thickness. By exploiting
higher-energy laboratory X-ray sources, for example, a
molybdenum X-ray tube as a relatively inexpensive upgrade,
sufﬁciently thicker specimens could be used. The increased
energy could be used to increase the grain statistics if neces-
sary. Alternatively, it is foreseen that similar studies could be
extended to a wider range of materials, for example materials
with a higher X-ray attenuation coefﬁcient such as titanium
and even steel. A further improvement in the data acquisition
times could also be realized by application of a high-sensitivity
two-dimensional X-ray detector. As demonstrated by Bo¨hm et
al. (2004), application of the two-dimensional detector for
simultaneous acquisition of two to three hkl reﬂections could
directly reduce testing times by a factor of three with no loss in
strain sensitivity.
Although synchrotron and neutron scattering experiments
have their obvious advantages for dynamic experiments, the
majority of this work requires lengthy preparation time. In this
instance the applicability of laboratory-based experimentation
can be used to support and further improve the efﬁciency and
quality of measurements that are ultimately aimed at large-
scale scientiﬁc facilities.
7. Conclusions
A laboratory-based transmission X-ray diffraction technique
was developed to study the evolution of normal lattice strains
during in situ tensile loading of magnesium alloys. Because of
the symmetry of the hexagonal close-packed Mg alloys, the
evolution of intensity with applied stress can be used to study
f1012g tensile twinning. Transmission diffraction measure-
ments were realized by application of a standard Cu X-ray
source and polycapillary optic. For the magnesium alloys
tested, the optimum signal-to-noise ratio in the measured
diffraction data, while maintaining good grain statistics, was
achieved by using a tensile sample with gauge dimensions of
10  4  0.7 mm. The semi-parallel beam with large beam
cross section from the polycapillary optic is advantageous to
study materials with large grain sizes, which is the main
limitation at synchrotron radiation facilities.
The instrumental response and calibration were achieved
by application of the Caglioti function to model the broad-
ening contribution, based on LaB6 SRM 660a measurements.
Axis of rotation measurements were also undertaken to
ensure data reproducibility. A proﬁle ﬁtting routine was
implemented within TOPAS to determine the strain-free
reference values for measurement of lattice strains during in
situ tensile loading. The strain-free lattice spacings (doðhkilÞ) of
the starting material, obtained from the transmission X-ray
diffraction technique, were cross-referenced with results
acquired using the more conventional Bragg–Brentano
geometry. On the basis of repeat measurements, a strain
sensitivity of 2  104 was achieved for the measurement of
elastic lattice strain at 2 angles ranging from 25 to 65 2.
The technique was successfully applied to study the defor-
mation mechanisms in extruded and rolled magnesium alloys.
All experimental data were validated by comparing the lattice
strain evolution during in situ tension along the extrusion
direction with in situ neutron diffraction results available in
the literature. The technique was then applied to study the
active slip/twin modes during tension along the radial direc-
tion of extruded and along the normal direction of rolled
magnesium alloys. The activity of basal slip was identiﬁed by
the measured relaxation in the lattice strain accommodation
of the 1013 reﬂection, whereas the relative intensity changes of
the 0002 and 1013 reﬂections were used to measure the
evolution of twin volume fraction with applied stress.
This research was supported under the Australian Research
Council’s Discovery Projects funding scheme. The authors
thank John Vella for technical assistance during instru-
mentation development.
References
Agnew, S. R., Brown, D. W. & Tome, C. N. (2006). Acta Mater. 54,
4841–4852.
Agnew, S. R., Tome, C. N., Brown, D. W., Holden, T. M. & Vogel, S. C.
(2003). Scr. Mater. 48, 1003–1008.
Agnew, S., Whittington, W., Oppedal, A., El Kadiri, H., Shaeffer, M.,
Ramesh, K. T., Bhattacharyya, J., Delorme, R. & Davis, B. (2014).
JOM, 66, 277–290.
Agnew, S. R., Yoo, M. H. & Tome, C. N. (2001). Acta Mater. 49, 4277–
4289.
Badawi, K. F., Villain, P., Goudeau, P. & Renault, P.-O. (2002). Appl.
Phys. Lett. 80, 4705–4707.
Bo¨hm, J., Gruber, P., Spolenak, R., Stierle, A., Wanner, A. & Arzt, E.
(2004). Rev. Sci. Instrum. 75, 1110–1119.
Brown, D. W., Agnew, S. R., Bourke, M. A. M., Holden, T. M., Vogel,
S. C. & Tome, C. N. (2005). Mater. Sci. Eng. A, 399, 1–12.
research papers
J. Appl. Cryst. (2015). 48, 365–376 Kada, Lynch and Barnett  Laboratory-based transmission diffraction technique 375
electronic reprint
Caglioti, G., Paoletti, A. & Ricci, F. P. (1958). Nucl. Instrum. 3, 223–
228.
Cheary, R., Coelho, A. & Cline, J. (2004). J. Res. Natl Inst. Stand.
Technol. 109, 1–26.
Cho, J. R., Dye, D., Conlon, K. T., Daymond, M. R. & Reed, R. C.
(2002). Acta Mater. 50, 4847–4864.
Clausen, B. (1997). PhD thesis, Riso National Laboratory, Roskilde,
Denmark.
Clausen, B. & Lorentzen, T. (1997).Metall. Mater. Trans. A, 28, 2537–
2541.
Clausen, B., Tome, C. N., Brown, D. W. & Agnew, S. R. (2008). Acta
Mater. 56, 2456–2468.
Cline, J. P., Black, D., Windover, D. & Hennis, A. (2000). NIST
Certiﬁcate – Standard Reference Material 660b 1–5.
Coelho, A. A., Evans, J., Evans, I., Kern, A. & Parsons, S. (2011).
Powder Diffraction, 26, S22–S25.
Faurie, D., Renault, P.-O., Le Bourhis, E. & Goudeau, P. (2005). J.
Appl. Phys. 98, 093511.
Fewster, P. F. & Trout, D. R. D. (2013). J. Appl. Cryst. 46, 1626–
1639.
Garce´s, G., On˜orbe, E., Pe´rez, P., Klaus, M., Genzel, C. & Adeva, P.
(2012). Mater. Sci. Eng. A, 533, 119–123.
Gharghouri, M. A., Weatherly, G. C., Embury, J. D. & Root, J. (1999).
Philos. Mag. A, 79, 1671–1695.
Heuvel, H. M., Huisman, R. & Lind, K. C. J. B. (1976). J. Polym. Sci.
Polym. Phys. Ed. 14, 921–940.
Kada, S. R. (2013). PhD thesis, Deakin University, Australia.
Klug, H. P. & Alexander, L. E. (1974). X-ray Diffraction Procedures
for Polycrystalline and Amorphous Materials. New York, London:
Wiley.
Kumakhov, M. A. (1990). Nucl. Instrum. Methods Phys. Res. Sect. B,
48, 283–286.
Lafrance, C.-P. & Prud’homme, R. E. (1994). Polymer, 35, 3927–3935.
Mordike, B. L. & Ebert, T. (2001). Mater. Sci. Eng. A, 302, 37–45.
Muransky, O., Barnett, M. R., Carr, D. G., Vogel, S. C. & Oliver, E. C.
(2010). Acta Mater. 58, 1503–1517.
Muransky, O., Carr, D. G., Barnett, M. R., Oliver, E. C. & Sittner, P.
(2008). Mater. Sci. Eng. A, 496, 14–24.
Muransky, O., Carr, D. G., Sittner, P. & Oliver, E. C. (2009). Int. J.
Plasticity, 25, 1107–1127.
Raghunathan, S. L., Stapleton, A. M., Dashwood, R. J., Jackson, M. &
Dye, D. (2007). Acta Mater. 55, 6861–6872.
Scarlett, N. V. Y., Rowles, M. R., Wallwork, K. S. & Madsen, I. C.
(2011). J. Appl. Cryst. 44, 60–64.
Shanak, H., Ehses, K. H., Go¨tz, W., Leibenguth, P. & Pelster, R.
(2009). J. Mater. Sci. 44, 655–663.
Shanak, H., Naumann, A., Lion, J., Go¨tz, W. & Pelster, R. (2014). J.
Mater. Sci. 49, 8074–8083.
Styczynski, A., Hartig, C., Bohlen, J. & Letzig, D. (2004). Scr. Mater.
50, 943–947.
Wanner, A. & Dunand, D. (2000). Metall. Mater. Trans. A, 31, 2949–
2962.
Withers, P. J., Preuss, M., Steuwer, A. & Pang, J. W. L. (2007). J. Appl.
Cryst. 40, 891–904.
research papers
376 Kada, Lynch and Barnett  Laboratory-based transmission diffraction technique J. Appl. Cryst. (2015). 48, 365–376
electronic reprint
